Abstract Actin and small heat shock proteins (sHsps) are ubiquitous and multifaceted proteins that exist in 2 reversible forms, monomers and multimers, ie, the microfilament of the cytoskeleton and oligomers of the sHsps, generally, supposed to be in a spherical and hollow form. Two situations are described in the literature, where the properties of actin are modulated by sHsps; the actin polymerization is inhibited in vitro by some sHsps acting as capping proteins, and the actin cytoskeleton is protected by some sHsps against the disruption induced by various stressful conditions. We propose that a direct actin-sHsp interaction occurs to inhibit actin polymerization and to participate in the in vivo regulation of actin filament dynamics. Protection of the actin cytoskeleton would result from an F-actin-sHsp interaction in which microfilaments would be coated by small oligomers of phosphorylated sHsps. Both proteins share common structural motives suggesting direct binding sites, but they remain to be demonstrated. Some sHsps would behave with the actin cytoskeleton as actin-binding proteins capable of either capping a microfilament when present as a nonphosphorylated monomer or stabilizing and protecting the microfilament when organized in small, phosphorylated oligomers.
INTRODUCTION
The cytoskeleton is an active framework of cytosolic filaments composed of 3 types of protein fibers, the microtubules, the intermediate filaments, and the microfilaments. Microfilaments made up essentially of actin are the thinnest and most flexible filaments. Heat shock proteins (Hsps) are synthesized by organisms or cells as a response to heat and any physiological, physical, or chemical stress. Mammalian cells contain 5 major subfamilies of stress proteins, Hsp100, 90, 70, and 60, and a large family of small Hsps (sHsps) having a molecular weight of 15-40 kDa.
When exposed to stress, cells respond by drastic modifications of the different cytoskeletal networks and by a rapid and selective increase in Hsp synthesis. Microtubules undergo disassembly, intermediate filaments collapse toward the perinuclear region, and actin microfilaments are disorganized. Although several Hsps were re-ported to interact with the different cytoskeletal components, large Hsps, such as Hsp90 and Hsp70, appear to bind mostly to the microtubule network and centrosome, whereas sHsps seem to play an important role in maintaining the integrity of actin and the intermediate filaments (Liang and MacRae 1997) .
This review will focus on the relationships known to date between actin, microfilaments, and sHsps and will propose hypotheses on how actin and sHsps may interact and participate in the dynamics and stability of the actin cytoskeleton.
ACTIN CYTOSKELETON

Actin
Actin is an abundant protein present in all eucaryotic cells. There are in fact several actin proteins, for instance, 6 in mammals, whose names reflect their tissue expression and origin: the ␣-skeletal and ␣-cardiac muscle actins, the ␣-and ␥-smooth muscle actins, the 2 nonmuscle actins, and the ␣-and ␤-cytoplasmic actins. Muscle actins are the main components of thin filaments in sarcomeres The actin filament is a double-stranded helix in which subdomains 3 and 4 of each monomer are located near the central axis of the filament, each subdomain making several contacts with the neighboring molecules. The 2 facing monomers belong to 1 helix and the third, in black, to the other helix. Positions of the 4 subdomains are indicated. The plus end or barbed end is the fast-growing end of the filament. The positions of the actin-actin contacts, shown in A, mentioned in the text and visible on this side of the 2 facing monomers, are indicated by double arrows. They correspond to contacts between (a) residues 322-325 (subdomain 3) and 243-245 (subdomain 4), (b) residues 286-289 (subdomain 3) and 202-204 (subdomain 4), and (c) residues 166-169 (subdomain 3) and 40-45 (subdomain 2). Residues 63-64 (subdomain 2) of a monomer are involved in a trimeric contact, implying the residues of the (b) and (c) loops of the adjacent monomer and residues of the subdomain 4 of the monomer located on the opposite strand (not visible in this view) (from Holmes et al 1990 and adapted from Mounier and Sparrow 1997) .
of the muscle cells, whereas cytoplasmic actins form microfilaments of the cytoskeleton of muscle and nonmuscle cells (Vandekerckhove and Weber 1978) . Microfilaments have an essential role in many cellular processes, such as maintenance of shape, motility, endocytosis and exocytosis, cytokinesis, anchorage to other cells or substrates, and signal transduction.
Actin is remarkably conserved through evolution. The 6 mammalian actins have a very high degree of protein sequence identity from 99.5% to 93.5%, and each isoactin is strictly conserved between humans, rodents, and chicken. Actins from mammals and insects differ by only 3% to 7% (Vandekerckhove and Weber 1978; Mounier et al 1992) .
In spite of their high similarity, isoactins are not interchangeable and rather appear to be functionally distinct. Muscle and nonmuscle actins present several structural and biochemical differences (Allen et al 1996; Mounier and Sparrow 1997) and are differentially sorted and utilized by the cellular machinery when expressed in transfected cells (Schevzov et al 1992; von Arx et al 1995; Mounier et al , 1999 . A mammalian actin does not fully substitute a Drosophila actin (Brault et al 1999) . Most mice lacking the ␣-cardiac actin gene do not survive (Kumar et al 1997) , and ␣-smooth muscle actin null mice present a highly compromised vascular contractility and blood flow (Schildmeyer et al 2000) .
The actin monomer is a 43-kDa polypeptide with 375 amino acid residues. Its atomic structure was determined from the crystals of complexes of the rabbit skeletal actin with different proteins McLaughlin et al 1993; Schutt et al 1993) . The actin protein is globular, fits into a cube of 55 ϫ 55 ϫ 35 Å , and consists of 2 domains, each subdivided into 2 subdomains (Fig 1A) .
Actin filaments and dynamics
Actin is present within cells in a dynamic equilibrium between the globular monomeric form, G-actin, representing the soluble pool of actin, and the polymerized form, F-actin, forming microfilaments. Actin monomers self-polymerize in vitro in the presence of ions, and this process is reversible.
A model of the actin filament organization was proposed by Holmes et al (1990) and refined by Lorenz et al (1993) . The filament is a double-stranded helix in which each monomer makes several contacts with the neighboring molecules. The actin filament has a structural and functional polarity, with a minus or pointed end and a plus or barbed or fast-growing end (Fig 1B) . Once the polymerization process is initiated by the nucleation of 3-4 subunits, elongation occurs principally at the plus end, which grows 5-10 times faster than the minus end. At the steady state, subunits assemble at the plus end and disassemble at the minus end at an identical rate, maintaining a constant length in spite of the net flow of subunits (reviewed by Steinmetz et al 1997; Chen et al 2000) .
A myriad of proteins that bind to G-and/or F-actin regulate actin polymerization and depolymerization as well as the organization of actin filaments in a 3-dimensional network. These actin-binding proteins make possible the large variety of microfilaments observed in the different cell types. They are classified according to their properties to promote or inhibit (or both) in vitro actin assembly. Some facilitate the nucleation or sequester the monomer, others bind to assembled actin filaments and act as capping proteins that block 1 or both ends of the filament, as severing proteins that break the filament into shorter fragments, or as cross-linking proteins that hold together the filaments. Others interact with actin filaments as side-binding and motor proteins. The mode of action of these proteins is complex because some of them were shown to have different and apparently opposite functions according to the intracellular environment (reviewed by McGough 1998; Borisy and Svitkina 2000; Cooper and Schafer 2000) .
The Rho family of small guanosine triphosphatases (GTPases) regulates actin dynamics. These small GTPases act as molecular switches controlling signal transduction from membrane receptors to a variety of intracellular responses, particularly actin cytoskeleton assembly. Rho controls the formation of actin stress fibers and focal adhesions, whereas other members of this family, Rac and Cdc42, induce membrane ruffling and filopodia formation, respectively. These small GTPases activate numerous cascades, particularly the p21-activated kinase (PAK) and consequently the p38 mitogen-activated protein (MAP) kinases. Proteins involved in the actin cytoskeletal rearrangements, such as Wiskott-Aldrich syndrome protein (WASP) and Ezrin, radixin and moesin (ERM), can then also be activated (reviewed by Machesky and Hall 1996; Hall 1998; Galan and Zhou 2000; Hall and Nobes 2000) . For instance, WASP stimulates the Arp2/3 complex, which greatly increases the nucleation of actin filaments (Borisy and Svitkina 2000; Cooper and Schafer 2000; Pantaloni et al 2001) .
Another signaling pathway involves phosphatidyl inositol-4,5-biphosphate (PIP 2 ) and the intracellular concentration of Ca 2ϩ . This signaling pathway is not completely independent of the Rho family because the PIP 2 production can be regulated by Rac (Welch et al 1997; Hall 1998; Janmey 1998 ).
SMALL HEAT SHOCK PROTEINS
sHsps are more largely spread in living cells than in actin because they are present in procaryotes and eucaryotes. In mammals, 9 sHsps have been identified to date, with a molecular mass ranging from 15 kDa to 30 kDa: Hsp27 (denoted Hsp25 in mice), ␣A-and ␣B-crystallins, Hsp20, HspB2, HspB3, cvHsp or HspB7, Hsp22 or HspB8, and HspB9. In fact, only the expression of Hsp27 and ␣B-crystallin is induced by heat shock. All except ␣A-crystallin are abundantly found in the skeletal muscle and the heart, whereas ␣A-and ␣B-crystallins are highly expressed in the eye lens. Hsp27, Hsp20, and ␣B-crystallin are also present in numerous other tissues, such as lens, kidney, bladder, lung, stomach, and skin (de Jong et al 1998; Krief et al 1999; Sugiyama et al 2000; Kappe et al 2001) .
sHsps are involved in several apparently unrelated cellular processes, such as response to stress from various origins, modulation of the actin cytoskeleton and the intermediate filaments, cell growth, differentiation, apoptosis, tumorigenesis, and signal transduction. It is generally assumed that sHsps exert their pleiotropic effects using at least 3 different pathways characterized by a chaperone-like activity (Jakob et al 1993; Beissinger and Buchner 1998) , a control of the redox status (reviewed by Arrigo 1998), and a modulation of the cytoskeleton dynamics as analyzed subsequently.
The protein sequence of sHsps is weakly conserved through evolution when compared with that of actin. For instance, human sHsps that consist of 150-205 amino acids share a homologous sequence of about 80 residues, the ␣-crystallin domain (Ingolia and Craig 1982) . This domain presents a percentage of amino acid identity ranging from 38% to 60% and short consensus sequences that are highly conserved from procaryotes to eucaryotes. Surrounding this central conserved domain, the N-and C-terminal regions have a variable length and are weakly conserved between the sHsp family members Sugiyama et al 2000) .
It also appears that, as is the case for actins, sHsps are probably not functionally equivalent. For instance, muscle cells appear to have 2 independent chaperone systems, one consisting of HspB2 and HspB3 and the other of Hsp27, Hsp20, and ␣B-crystallin (Sugiyama et al 2000) . ␣A-crystallin knockout mice develop cataract, whereas ␣B-crystallin knockout mice develop muscle abnormalities but no cataract (Brady et al 1997; Wawrousek and Brady 1998) . Lens cells lacking the ␣A-or ␣B-crystallin gene exhibits a decreased or increased proliferative activity, respectively (Andley et al 1998 (Andley et al , 2001 ). Furthermore, ␣A-crystallin has an antiapoptotic activity weaker than that of ␣B-crystallin (Andley et al 2000) .
Knowledge of the atomic structures of sHsps is less extensive than that of actins. The crystal structure of sHsps was only determined for the 16.5-kDa sHsp from the hyperthermophylic archaeon Methanococcus jannaschii. The protein is rather compact with an overall dimension of 25 ϫ 25 ϫ 75 Å and contains a high number of ␤-sheets: the core domain of the monomer is composed of 9 ␤-strands arranged into 2 sheets (Kim et al 1998) .
Oligomerization and phosphorylation
Oligomerization and phosphorylation are 2 essential characteristics of sHsps. These proteins can form large cytosolic aggregates ranging from 150 kDa to 1000 kDa and consisting of up to 40 monomers. Oligomerization is a highly dynamic process depending on several signaling pathways and results in homo-or hetero-oligomers of 2 or more sHsps Sugiyama et al 2000) .
The oligomeric organization of sHsps is poorly understood. It was determined only for the M. jannaschii 16.5-kDa Hsp: the oligomer forms a hollow spherical complex of 24 monomers, and the building block is a dimer in which a ␤-sheet forms an important interaction with another ␤-sheet from the neighboring molecule (Kim et al 1998) . Several models of the ␣A-crystallin quaternary structure were proposed, as for instance, an open micellelike arrangement (Farnsworth et al 1998; Smulders et al 1998) . The oligomeric arrangement of sHsps is still a matter of discussion in the literature and appears to be variable, shaped by a continuous exchange of subunits Lambert et al 1999; Haley et al 2000) .
sHsps can be phosphorylated at several serine residues by different kinases, and this process is reversible. For instance, Hsp27 phosphorylation is achieved by the activation of (at least) the p38 MAP kinase cascade and subsequent activation of the MAP kinase-activated protein (MAPKAP) kinase-2 and -3, which directly phosphorylate sHsps (Welch 1985; Stokoe et al 1992; Arrigo and Landry 1994; Landry and Huot 1995; Guay et al 1997) . The p38 MAP kinase is one of the downstream targets of Rac and Cdc42, suggesting a possible connection between actin cytoskeleton dynamics and sHsp phosphorylation (Zhang et al 1995; Guay et al 1997) .
Phosphorylation results in a change in the oligomerization status of the several sHsps. It provokes an Hsp27 shift from multimers to small oligomers (Mehlen and Arrigo 1994; Lambert et al 1999; Rogalla et al 1999) . A similar dissociation of large oligomers is induced by Hsp20 and ␣B-crystallin phosphorylation (Brophy et al 1999; Ito et al 2001) .
RELATIONSHIPS BETWEEN ACTIN AND sHSPS
Actin polymerization is inhibited in vitro by some sHsps
An inhibitor of actin polymerization (IAP), the 25-kDa IAP, was first identified in vitro in turkey gizzard and was then recognized as Hsp25. It was able to cap the barbed end of the actin filament, thus preventing monomer addition and, subsequently, filament growth. The 25-kDa IAP presents a much more pronounced inhibitory effect when the protein is added to the preformed actin filaments (Miron et al 1988 (Miron et al , 1991 .
The activity of actin polymerization inhibition depends on the degree of sHsp phosphorylation and the structural organization. Only monomeric and nonphosphorylated murine Hsp25 inhibits actin polymerization with a 1:1 ratio of Hsp25 monomer to actin, whereas phosphorylated monomers and nonphosphorylated multimers have no effect (Benndorf et al 1994) .
The Hsp25-mediated inhibitory effect on actin polymerization is lost with disulfide-linked dimers but is restored by reduction (Miron et al 1988) . Hsp25 can indeed form dimeric structures based on an intermolecular disulfide bond formed under intracellular oxidizing conditions. The involved cysteine residue is located in a buried position in the region of intermolecular contact sites, and a disulfide bond probably changes the final conformation of the dimer (Zavialov et al 1998) .
However, Hsp27 is devoid of nucleating activity, ie, unable to initiate a new polymerization (Miron et al 1991) , and is not an actin-severing protein because it has no effect on actin stress fibers when microinjected into cells, independently of its phosphorylation status (Schneider et al 1998) .
␣-Crystallins also affect actin polymerization in vitro but to a lower extent. They stabilize microfilaments and prevent their depolymerization induced by cytochalasin D and their aggregation induced by heat (Wang and Spector 1996) .
Actin cytoskeleton dynamics is regulated by Hsp27
In cultured cells, overexpression of Hsp27 by transfection experiments increases the amount of F-actin at the cell Fig. 2 . Putative binding sites between actin and sHsps. This figure shows the multiple alignment of 2 regions of actin involved in actin-actin contacts and a region relatively well conserved between the 8 sHsps (Krief et al 1999; Benndorf et al 2001) and their corresponding position in the molecule. The actin residues G63 and I64 located in subdomain 2, and P243, D244, G245 located in subdomain 4, indicated in bold, are involved in actin-actin contacts . L65 to K68 form a ␤-sheet . In Hsp27, T162 to A167 is also predicted to form a ␤-sheet (de Jong et al 1998; Kim et al 1998) .
cortex with membrane ruffling, pinocytosis, cell migration, and accumulation of stress fibers. All these processes are related to an increased dynamics of the actin filaments (Lavoie et al 1993a; Landry and Huot 1995; Mairesse et al 1998; Piotrowicz et al 1998) .
The survival rate of cells overexpressing Hsp27 after a heat shock or an oxidative stress is enhanced by a stronger stability of the actin microfilaments and their accelerated recovery after disruption (Lavoie et al 1993a (Lavoie et al , 1993b (Lavoie et al , 1995 Huot et al 1996) . Actin cytoskeleton protection by Hsp27 is also observed when cells are submitted to mitogens, cytochalasin D, carcinogenic, or anticancer drugs (reviewed by Arrigo and Préville 1999; Arrigo 2000) .
A diminution of the Hsp27 intracellular level by antisense cDNA transfection experiments leads to growth inhibition and, in some cells, to actin cytoskeleton disorganization (Mairesse et al 1996; Horman et al 1999) . When nonphosphorylatable mutants of Hsp27 are transfected into mammalian cells, there is no subsequent increase in the microfilament stability and cell migration (Lavoie et al 1993a (Lavoie et al , 1993b (Lavoie et al , 1995 Huot et al 1996; Piotrowicz and Levin 1997; Piotrowicz et al 1998) .
Inhibition of actin polymerization in vitro appears to require nonphosphorylated monomers, whereas actin cytoskeleton dynamics and protection seem to require large amounts of phosphorylatable sHsps.
HOW DO ACTIN AND sHSPS INTERACT?
For the inhibition of actin polymerization
The in vitro experiments on the inhibition of actin polymerization by Hsp27 indicate a direct interaction between the 2 proteins. To date no sequence homology between sHsps and actin, suggestive of any putative binding site, has ever been described, except a structural motif shared by both proteins (Rahman et al 1995 and shown in Fig.  2) . Interestingly, this motif contains in actin the residues G63 and I64 involved in a direct contact between 3 monomers in the actin filament . A part of this trimeric contact involves G63, I64, and some other residues of the subdomain 2 of one actin monomer and residues located in subdomain 3 of the adjacent monomer, particularly residues of the b and c loops shown in Fig 1A. The following 4 residues, L65 to K68, form a ␤-sheet . A motif relatively well conserved between actin and sHsps is located at the C-terminal end of the ␣-crystallin domain and is also predicted to form a ␤-sheet from residues T162 to A167 (de Jong et al 1998; Kim et al 1998) .
Another actin-actin contact occurring between 2 adjacent monomers of the same strand binds the loop containing residues 322-325 of the subdomain 3 (loop a in Fig 1A) and the loop containing residues P243, D244, and G245 of the subdomain 4 of the following monomer . A PEG motif is present in Hsp27, Hsp20, and Hsp22, just upstream of the previous motif (Fig 2) .
The motif P-D/E-G-(X)-L-T/S-(X) 3-4 -P is relatively well conserved between sHsps (Fig 2) . It is thus tempting to speculate that this motif containing residues similar to those involved in 2 known actin-actin contacts could mimic an actin monomer and, therefore, bind to actin at the corresponding actin-actin contacts located in subdomain 3. The PEG motif is present in Hsp27 and Hsp20, and both proteins were shown to interact directly with actin (Miron et al 1988; Brophy et al 1999) . The homologous region in the crystal structure of the archaebacterium sHsp (Kim et al 1998) forms a loop, which seems to be accessible at the outer surface of the monomer, it being maintained by the ␤9-sheet, well-conserved between Hsp16.5 and Hsp27.
This interaction between actin and sHsps, such as Hsp27 and Hsp20, would cap the plus end of the actin filament and thus inhibit filament polymerization. Slight The earliest responses to heat shock or other stresses are phosphorylation of sHsps, disruption of sHsp large aggregates after, in some cases, a transient hyperoligomerization, and disorganization of the actin cytoskeleton. (c) Phosphorylated sHsps organized in small oligomers would interact directly or indirectly with F-actin, protect the actin filament against breakage by actin-severing proteins, and promote its subsequent reorganization. Nonphosphorylated monomers may cap the plus end of the actin filament and participate in the regulation of the microfilament assembly.
conformational changes occurring in phosphorylated sHsps, disulfide-linked dimers, and oligomers would prevent this motif from interacting.
However, a synthetic 15-mer peptide containing this motif was recently shown to have no effect on in vitro actin polymerization, contrary to 2 other 15-mer peptides that present no obvious similarity with any known actinactin-binding sites (Wieske et al 2001) . It remains to demonstrate whether the conformation of these synthetic peptides is comparable with that of the whole protein. Data on the 3-dimensional organization of sHsps will be likely available in the near future and will give insights into the structural organization of the protein and the binding site localization.
Whatever be the location of the binding site, a direct actin-sHsp interaction probably also occurs in vivo and may participate in the regulation of the actin filament assembly. Nearly 30% of the Hsp27 fractionates with plasma membrane components, and the capping activity of Hsp27 on F-actin may be effective in the submembrane regions, where ruffling and lamelipodia formation continuously occur (Piotrowicz and Levin 1997) . This capping activity of Hsp27 would protect the plus end and might favor the depolymerization of the minus end, allowing growth of the uncapped filaments. This process would be abolished when the sHsp is phosphorylated and released from the actin microfilament.
For the protection of the actin cytoskeleton
Disorganization of the cytoskeleton and phosphorylation of the sHsps are the earliest events induced by a stress. In some cases, however, for instance, during the response to oxidative stress in mammalian cells, 2 concomitant events occur, leading to a transient formation of larger Hsp27 oligomers and the phosphorylation of Hsp27; the latter event then triggers the subsequent disruption of the aggregates and the accumulation of small oligomers (Mehlen et al 1996; Préville et al 1998; Rogalla et al 1999) .
We propose a model for the protection of the actin microfilaments by sHsps once they are released from the large aggregates (Fig 3) . sHsps organized in small oligomers, with a variable amount and level of phosphorylated monomers, would interact with actin filaments. These phosphorylated small oligomers, such as possibly the rod-like tetramers described by Rogalla et al (1999) , would coat the microfilaments, protect them against further disruption by preventing or neutralizing the action of actin-severing proteins activated by the stress response, and then participate in promoting their subsequent recovery. This model would explain why, when present in large amounts as in cells overexpressing an sHsp, this sHsp would protect and stabilize the actin cytoskeleton by preventing its disruption by stress-induced signals. It is also in agreement with the requirement of the sHsps to be phosphorylatable for an efficient actin cytoskeleton protection and with the sHsp localization in stressed cells bound to cytoskeletal elements in the insoluble fraction.
In addition to this protective activity, nonphosphorylated monomeric sHsps might cap the plus end of the actin filament and exert the capping activity as described earlier.
It remains to determine whether this protective activity results from a direct or indirect interaction between Factin and sHsps. Coimmunoprecipitation and cosedimentation experiments failed until now to demonstrate a direct interaction, except for the turkey Hsp25 and the bovine Hsp20 (Miron et al 1988; Brophy et al 1999) , which likely corresponds to the capping activity of these 2 proteins as described previously.
The yeast 2-hybrid system identified to date only a limited number of partners interacting with the sHsps. Hsp27 interacts with other sHsps, ␣B-crystallin, Hsp20, and Hsp22 (Liu and Welsh 1999; Benndorf et al 2001) , and other proteins, Ubc9 (Joanisse et al 1998) , PASS1 (Liu et al 2000) , and Daxx (Charette et al 2000) . ␣B-crystallin interacts with the subunit C8/␣7 of the 20S proteasome . HspB2 binds and activates the myotonic dystrophy protein kinase (DMPK) (Suzuki et al 1998) , and cvHsp interacts with ␣-filamin, an actin-crosslinking protein that also connects proteins from the cell membrane to the cytoskeleton (Krief et al 1999) .
Several hypotheses can explain why such a limited number of proteins related to the cytoskeleton were demonstrated to interact directly with the sHsps. sHsps may interact only with polymerized actin, or sHsps require to be only in small oligomeric forms containing some phosphorylated monomers, or both conditions are needed. Phosphorylation of Ser15 in Hsp27, located upstream of a conserved region predicted to be an ␣-helix, was proposed to be involved in the interaction with other proteins such as F-actin Lambert et al 1999) . Interestingly, the F -actin-binding site of gelsolin, a multifunctional actin-binding protein that binds to the actin filament, is an ␣-helix, the gelsolin fold, common to other actin-binding proteins such as the ADF-cofilin family (McGough 1998; Van Troys et al 1999) . When phosphorylated, Ser15 may confer to the adjacent ␣-helix in Hsp27 a conformation compatible with a lateral F-actinbinding site, allowing a direct contact between the phosphorylated sHsp and the actin filament.
Another possibility could be that the F-actin-sHsp interaction is mediated by a third and still unknown partner that would specifically bind to both the sHsp and the actin microfilament or a microfilament-associated protein.
Such an interaction was observed in the smooth muscle. Hsp20 has a domain that is reasonably well conserved between sHsps and troponin I (TnI), a subunit of the troponin complex, which binds to the actin filament in association with tropomyosin and regulates muscle contraction. This Hsp20 domain was shown to bind specifically to the actin filaments only when tropomyosin was present, thus mimicking TnI (Rembold et al 2000) .
CONCLUDING REMARKS
Actin and sHsps are multifaceted proteins and exist as 2 reversible forms, monomers and multimers. Actin polymerization and sHsp oligomerization are highly dynamic processes depending on the different signaling pathways, which could have some common steps. sHsps appear to form a family of proteins more heterogeneous in structure and function than the actin family.
Some sHsps would behave with the actin cytoskeleton as actin-binding proteins, with 2 different functions. They would act either as a capping protein when present in a nonphosphorylated and monomeric form or as a stabilizing filament protein when organized in a phosphorylated and small oligomeric form. These functions of the sHsps on the actin cytoskeleton seem to be dissociated from the well-characterized chaperone-like activity, which is rather correlated to a multimeric organization. Under normal conditions these sHsps would act in addition to or in competition with other actin-binding proteins. In stressed cells a part of them would function as specialized chaperones for the actin cytoskeleton, participating in its protection and recovery, while the remaining would be implied in other cellular rescue processes.
Actin cytoskeleton-sHsp relationships are far from being fully listed and understood. It is likely that each sHsp has specific characteristics and properties and does not behave in a manner similar to other sHsps in various cell contexts, increasing the complexity of the interactions between the actin and the sHsps.
